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C H A P T E R - 1 
I N T R O D U C T I O N 
1.1 High Temperature Oxidation of Iron 
When iron i s exposed to oxygen a t temperatures 
higher than 560°C, a r e l a t i v e l y complex react ion system 
is involved due to the formation of multilayered scale 
comprising of wusti te (FeO), magnetite (Fe^O^) and 
haeraatite(Fe20,). The Fe-O diagram (Fig. 1.1) shows 
tha t a t temperatures above 560°C, iron forms three oxides 
the lowest valency oxide, FeO (wus t i t e ) , has a NaCl type 
cubic s t ruc tu re and i s metal def ic ien t of the order of 
5-12 /i of iron vacancies. Being cat ion conducting i t 
grows en t i r e ly by the diffusion of iron and appears in 
the form of innermost layer . The second oxide, Fe^ ^O, 
(magneti te) , has a spinal type s t ruc tu re and is an excess 
oxygen compound. I t grows largely by oxide ion diffusion 
with an appreciable contr ibut ion from iron ion diffusion 
(12 'D. The highest valency oxide, FepO^ (hemat i te) , 
which forms outermost layer of the mul t i layer scale has 
rhombohedral c ry s t a l s t r uc tu r e . I t i s s l i g h t l y oxygen 
de f i c i en t , metal excess and la rge ly grows by oxide ion 
diffusion. 
The r e l a t i v e percentage of FeO, Fe^O^ and FepO, 
1 
in the scales vary with temperature (Fig. 1.2), duration 
of oxidation and nature of oxidizing gas. However, above 
600°C, FeO is the predominant species and since FeO has 
more defective structure than either of the two oxides, 
iron oxidizes much more rapidly above this temperature. 
Since the three oxides are formed simultaneously upon the 
iron surface and the ratio of thickness of three layers 
is reported to be dependent of time and temperature, the 
mechanism of oxidation is not simple and requires several 
mechanistic approaches at various stages of oxidation. 
Below 560°C, FeO is unstable and if any is formed above 
this temperature it decomposes at room temperature into 
Fe^O^ plus Fe. 
1.1.1 Oxidation of Iron-Base Alloy 
Failure of pure iron to form sufficiently protec-
tive oxide layer suitable for practical applications at 
temperatures above 500 C, demands the presence of an 
alloying_element which has a higher oxygen affinity than 
iron and where oxide grows at a low rate. Generally, Cr 
or in some cases Al or Si serve this purpose, and when 
present in sufficient concentrations, protective scales 
of Cr20,, AlpO, or SiOp are formed exclusively. 
At low alloying concentrations, the oxide scales 
are still similar to those on pure iron, with the alloying 
element remaining in solution in wuistite and other oxides. 
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The defect concentration may be modified, usually-
increased, resulting in change in oxidation rate. At 
higher concentrations, the composition range of FeO 
becomes restricted and eventually disappears as a single 
phase. Compound oxides with spinel structure are formed 
of the general type Fe(FeM)0^ where M is the alloying 
element. Often these spinels can exist over a range of 
composition and usually their appearance in the scale 
results in a decrease in the overall oxidation rate. At 
higher concentration still a complete selective oxidation 
may occur with a maximum reduction in the overall oxidation 
rate. 
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Rahmel proposed a reaction mechanism for the 
oxidation of dilute binary iron alloys with alloying 
additions which are less noble than iron, e.g., V, Cr, Si 
and Mo. Initially these alloys oxidize like pure iron 
resulting in the formation of iron oxides. Subsequently 
oxygen dissolves in the alloy phase causing internal 
oxidation, and because of the preferential oxidation of 
iron, the alloying addition is enriched at the metal/oxide 
interface. As the oxide of alloying addition is formed, 
this reacts with FeO to form Fe(FeM)0,, giving two phase 
inner layer. 
At high temperatures, the oxidation of pure metals 
r e su l t s in the formation of a s ingle-product oxide phase. 
The r a t e of growth i s control led by ionic diffusion over 
defect s i t e s in the sca le . 
The scale should have the following qua l i t i e s : 
1. I t should be microscopically dense, 
2. I t should exhibi t e lec t ronic conduction, and 
3. I t should adhere uniformly to the metal. 
If these conditions a re met, the r a t e of oxidation of pure 
metal should be parabolic with respect to time and the 
oxidation r a t e should f i t a l l the d i f f e r e n t i a l and in teg-
ra t ion equations. The diffusional growth of t h i s type 
of scale can be expressed according to Wagner's parabolic 
r a t e constant : 
A 11 Z 
Kr = C: / ° - i D-, d {ixiA ) 
' A1 1^ 21 ' 
where D^ is the self diffusion coefficient of the metal 
Cp the average oxygen concentration, A the oxygen acti-
vity and 2-, , Zp are the valancies of metal and oxygen 
respectively. Subscripts II and I refer to scale/gas and 
metal/scale interface respectively. 
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1.1.2 Protective and Nonprotective Scales 
Rate of reaction in the later stages of oxidation 
depends on whether the thick film or scale remains 
continuous and protective as it grows, or whether it 
contains cracks and pores and is relatively non-protective. 
Because reaction product films are usually brittle and 
lack ductility, the initiation of cracks depends in some 
measure on whether the film is formed in tension favouring 
fracture or in compression favouring protection. This 
situation in turn depends on whether the volume of reac^ 
tion product is greater or less than the volume of metal 
from which the product forms , If a protective scale 
forms 
Md/nmD > 1 
where M is the molecular weight and D the density of scale, 
m and d are the atomic weight and density of a metal 
respectively, and n is the number of metal atoms in a 
molecular formula of scale substance. 
1.2 Corrosion Prevention Control by Coatings 
A large number of coating materials have been used 
to protect metals and alloys from corrosion at high tempe-
rature. The development of coating materials has been a 
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subject of extensive research for a t l e a s t three decades. 
The main objective behind coating development i s to 
achieve ce r t a in proper t ies which are a combination of 
proper t ies of metals and a l loys . The premature f a i l u re 
of the metal or a l loy due to corrosion could be control led 
with the help of coat ings . The coatings on high tempera-
ture mater ia ls such as super-al loys have wide a p p l i c a b i l i t y 
ranging from nuclear reactors to gas- turbines and to the 
components used in power generating u n i t s . For example, 
the aerofoi l sect ion of a gasturbine requires protec t ion 
agains t the hot gas environment in which i t has to operate. 
There may be a high ve loc i ty oxidising gas stream, impuri-
t i e s may be present in the fuel , temperature may be non-
uniform or there may be a fu l l ash deposi t . All these 
complex environmental aspects can be checked through 
careful se lec t ion of coatings which can withstand the 
severe operating condit ions in which the mater ia ls have 
to function. The se lec t ion of coating mater ials depends 
on the nature of the component and i t s behaviour under 
operating condi t ions . The pro tec t ive proper t ies of 
coatings are dependent on two extremely important f ac to r s : 
( i ) The mechanical and chemical proper t ies of 
the film i t s e l f . 
(ii) Adhesion, the bond between the film and the 
surface it covers. 
The first factor is independent of the surface to be 
covered and is entirely dependent on the properties of 
the constituents of the film. The second factor plays 
an important role in coating technology. It is determined 
by the physical and chemical properties of the surfaces of 
the coating and the substrate. 
According to the properties of the coatings and 
the nature of the metals or alloys on which these coatings 
are applied, coatings are classified into metallic and 
non-metallic. Metallic coatings are comprised of films 
of metals or alloys deposited on the substrate by the 
process of spraying, diffusion or electrolysis. Non-
metallic coating is defined as the coating on metals with 
thin layers of nonmetallic substances which protect the 
substrate from the action of surrounding medium and should 
also have a decorative effect. Non-metallic coatings can 
be classified into two groups : 
1. Organic 
2. Inorganic 
Organic coatings contain an organic compound of high 
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molecular weight, dye, rubber, p l a s t i c or a combination 
of two or more such mater ia ls and a c a r r i e r which i s 
usually a mineral o i l . Inorganic coatings include 
compounds of metals or non-metals such as phosphates, 
chromates or oxides formed in s i t u on the surface of 
metals or coatings based on s i l i c a t e or borate enamels 
which contain simple s i l i c a t e or simple borate or complex 
bo ros i l i ca t e s or alumino s i l i c a t e s . The hard refractory 
mater ials such as carbides , s i l i c i d e s , bor ides , n i t r i d e s 
e tc . are used for specia l ized appl icat ions in aerospace 
industry. 
1.2.1 Organic Coatings 
Organic coatings are mainly applied to mild s t e e l 
s t ruc tures and equipment. To a l e s s e r extent , they a re 
also used on aluminium and zinc-sprayed and galvanized 
s t e e l . Perhaps the most important appl ica t ion of organic 
coatings i s processing p lan ts used in chemical i ndus t r i e s . 
The use of organic coating has increased considerably in 
recent years because of the production on a commercial 
scale of many new synthet ic r e s in s . This has resul ted not 
only in more corrosion r e s i s t a n t paints but also in a wide 
range of p l a s t i c s tha t can be economically applied as 
r e l a t i v e l y thick l in ings by dipping or spraying. For 
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equipments such as pumps, open-topped tanks e t c . , the 
exter iors of which are l i k e l y to be splashed by cor ro-
sive process l i quor s , pa ints with a higher standard of 
chemical res i s tance are required. Thixotropic bitumen 
or c o a l - t a r p i tch pa in ts tha t w i l i give a thickness up 
to 250 pm per coat are the o ldes t of the chemical 
r e s i s t a n t pa in t s . They wi l l withstand both d i l u t e 
inorganic acids and a l k a l i s . High bui ld chlorinated 
rubber pa in ts which wi l l give a thickness of 100 |jm per 
coat are commonly used for process p lant equipment. 
Because of t h e i r good res i s tance to a l k a l i s , chlor inated 
rubber pa in ts are very su i t ab le for use on concrete . 
Epoxy res in pa in ts produce a hard and ab ra s ion - r e s i s t an t 
coating and are r e s i s t a n t to f a t s , o i l s and many organic 
so lvents , Polyurethane paints a re two pack pa in ts 
consis t ing of polyes ter res in cured with an isocynnate. 
They have excel lent res i s tance to water immersion. 
All these coatings described above require spec ia l 
equipment for appl icat ion i . e . ovens for high temperature 
curing, tanks for dipping or spec ia l guns for spraying. 
Types of Coat ins; 
(1) Stoved Phenolics 
The acid res i s tance of these coatings i s outstanding 
12 
except to strongly oxidizing acids such as concen-
trated sulphuric and nitric. They are also resistant 
to a wide range of organic solvents. In dry conditions 
they can be used upto 200°C and in wet conditions upto 
100*^ 0. They are brittle coatings and have a thickness 
upto 25 pii« 
(2) E^oxy/Phenollc Coatings 
They are slightly inferior to phenolic coatings in 
respect of acid resistance but much better in resistance 
to alkaline solutions. They are less brittle than the 
phenolic coatings. 
(5) Polyester/Glass Flake 
They produce much thicker and tougher coatings 
than phenolics and so are less likely to suffer damage 
in service. The corrosion resistance of these coatings 
depends on the polyester used. They are applied for 
renovation of steel tanks used for oil storage in which 
the bottoms have corroded. 
{k) Powder Coatings 
Most plastics are available as powders and can be 
applied as coatings by fluidized or spraying techniques. 
Those that have proved most useful for chemical plant 
protection are polythene, polypropylene, nylon 11 and 
epoxy. 
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(5) PVC Plastlsol Coatings 
These are applied by preheating the object to 
be coated and then dipping into a tank of liquid, 
plasticized PVC emulsion. This is followed by curing 
in an air oven at a temperature of about 200°C. Very 
large items can be dealt within this way. This thickness 
of the coating depends on the thickness of the metal 
and the extent of the preheating but the usxjal range 
is 3 to 5 mm. The coating is tough and abrasion resis-
tant. These coatings are very resistant to acids and 
alkalis. They are generally applied on floor gratings, 
ducting and pipe. 
1.2,1 Inorganic Coatings 
Amongst the various types of inorganic coatings 
used for corrosion resistance, phosphate, oxide, silicate, 
chromate and borate coatings are applied in less severe 
corrosive environments and moderate temperatures where 
as alurainide, boride, silicide, carbide and nitride 
coatings are fovmd to be suitable for more severe 
corrosive environments and elevated temperatures. 
(i) Aluminide Coatings 
These are the most widely used coatings and are 
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su i t ab le under high temperature oxidation environments. 
These coatings are based on aluminide compounds. They 
have been used on Ni- and Co- base super a l loys where 
n icke l - and cobalt aluminides are formed, respec t ive ly . 
They are effect ive in l ess severe environments and a t 
moderate temperatures. 
In more severe or highly corrosive environments, 
diffusion coatings based on the addi t ion of noble metals 
to aluminide are used. Nobel metal enriched aluminide 
coatings have been vised to p ro tec t super a l loy components 
in the hot section of FT^ i^  engines i n s t a l l ed on o i l r ig 
in the nor th sea in 1980. These components wi l l be 
operating in a highly sulphidating environment. Lavendel 
and Henry have prepared corrosion r e s i s t a n t aluminide 
coatings on Fe and Ni- base a l loys . The fused s lu r ry of 
nickel-containing coatings having 55-85 7, Al and 5-10 % 
Si was deposited on mild s t e e l and inconel 600 subs t ra tes . 
Phase composition and d i s t r i b u t i o n in the coating were 
control led by adjustment of the rec iprocal a c t i v i t i e s of 
Al and Ni in the reac t ive l iqu id generated during fusion. 
S lu r r i e s with balanced Al-Ni concentration produce s ingle 
phase coat ings . The coating forms a thin adherent 
p ro tec t ive scale on inconel 600 within the f i r s t 125 h 
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of cyclic air exposure at 1100°C. The coating is 
degraded either by the loss of Al or enrichment in Ni 
or Fe by interdiffusion with the substrate. The Y-NiAl 
a transformation product of p-NiAl retains enough Si in 
solution to maintain tjinchanged oxidation kinetic. The 
coating is better than the common aluminide coating and 
is good for use in gas turbines. 
Aluminide coatings are known to protect steels 
from oxidation and corrosion in hydrocarbon and sulphur 
bearing atmospheres besides increasing the oxidation 
resistance e.g., refinery processing, Aluminide coated 
steel tubes find increasing use as reactor internals, 
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heat exchangers etc. These coatings also find wide 
applications in both coal gasification and liquifaction 
technologies. The aluminized steel performs better than 
stainless steel. This coating can be formed by a number 
of techniques such as hot dipping, flame spraying and 
pack cementation. Among these processes, pack cemen-
tation is ideally suited for the coating. There have been 
a few investigations on the structure and phase composi-
tion of aluminide diffusion layers on both plain carbon 
8 9 
and stainless steels ' . 
The nature and growth kinetics of the coating are 
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influenced by temperature time, type of ac t iva to r 
(hal ide s a l t ) e t c . Pack aluminizing of s t e e l in 
unalloyed Al pack yields non uniform, b r i t t l e FeAl-, 
and FepAle coat ings. Smooth, adherent and uniform 
FeAl coating could be obtained using a ferro aluminium 
pack with NH-F.HF a c t i v a t o r . The coating layer grows 
parabol ica l ly with time. 
I t i s a common p rac t i ce in the gas turbine 
industry to coat hot components with mater ia ls which 
are r e s i s t a n t to hot corrosion. The formation of cracks 
on the coating surface could proceed inward into the 
parent mater ial and shorten the l i f e of the component. 
The importance of the effect of the coatings and pos t -
coating treatment on the mechanical proper t ies of Ni-
11 12 base super a l loys has been studied ' . I t has been 
invest igated tha t the appl ica t ion of an aluminide hot 
corrosion r e s i s t a n t coating on udimet-520 degraded the 
creep rupture proper t ies of the base mater ia l . The 
udimet-520 nickel-base super a l loy strengthened by 
Y p rec ip i t a t i on and grain bo\jndary carbides i s prone 
to carbide cavitation damage introduced during the 
chromo-aluminide coating process. 
( i i ) Phosphate Coatings 
Among a l l the inorganic coatings used, phosphate 
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coatings are most extensively used and a large number 
of references are available concerning with their pre-
paration, properties and uses. These coatings are 
prepared by treating metals and alloys with phosphoric 
acid or solutions of primary phosphates of Mn, Fe, Zn, 
Al or Cd. The basic properties of phosphate coatings 
depend on the surface preparation, the solution composi-
tion and operating conditions. Although these coatings 
are unstable in acids and alkalies their most valuable 
property is to absorb oil. They have beneficial effects 
on the duration of paint coatings. They greatly improve 
the adhesion of paints on metals and retard the process 
of corrosion under the paint film even in those regions 
where the paint has been damaged. Boron phosphate 
13 14 
coating ' prepared by mixing equimolar amounts of 
PpOc and BpO:, at 600-550°C are new and important phosphate 
15 
coatings. Conversion coatings for Al have been prepared 
by using Zn, Cr and Ni phosphates. In these coatings the 
crystalline and amorphous phosphates are present in the 
form of 54Znj (P0^)2.11A1P0^, Ni^(P0^)2.114H2O and 
Cr(OH)2.HCrO^.Al(OH),.2H20 respectively. These coatings 
are suitable for the construction of containers and 
applications in aerospace industry. A white crystalline 
inorganic coating has recently been described by the 
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react ion of AlCl, and H^ P^O^  in presence of CpH^ OH 
and HCl. Mechanically s t a b l e , heat r e s i s t a n t and high 
speed gas flow r e s i s t a n t phosphate coatings have 
-1 £. 
recent ly been prepared by the addi t ion of Al-0, 15-20 % 
BpO^ 1-4 ^, CaO 1-3 \ and BaO l'5-3.5 ^ to a composition 
containing S\Q^ 10-30 \ , Al(OH)^ 3-15 % and a Al phos-
phate binder. A corrosion r e s i s t a n t glassy coating of 
17 phosphate on the ferrous a l loy was obtained by mixing 
ZnO 54 %, PpOc 45.6 % and Al^O^ 0.5 % and on oxide group 
IIA or IIIA metal (> 1.0 %). Bogi and Mc Millan"'-® 
recent ly reported a two stage phosphating process for 
coatings on s t e e l , 
( i i i ) S i l i c a t e Coatings 
The basic cons t i tuent of s i l i c a t e coatings i s an 
a l k a l i or a lka l ine ear th s i l i c a t e . These coatings a re 
su i t ab le for aluminium or s t e e l and provide excel lent 
high temperature corrosion res i s tance in a i r , HpS and 
cathodic protec t ion of vmder ground metal s t ruc tu res . 
An addi t ion in s i l i c a t e coatings i s the introduct ion 
o n 
of complex silicates of glass composition . These 
coatings protect iron against oxidation at varying 
degrees. The exception is sodium borosilicate glass 
coating which rapidly becomes saturated with iron oxides 
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the reby loos ing i t s p r o t e c t i v e p r o p e r t i e s . Recent ly 
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some S i -based ceramic c o a t i n g s have been developed 
for hea t r e s i s t a n t Ni , Co and Fe- base a l l o y s . The 
s u b s t r a t e ma t r i x c o n t a i n s embeded p a r t i c l e s which a r e 
capab le of forming p r o t e c t i v e o x i d e s . The coa t ing i s 
found s u i t a b l e fo r gas t u r b i n e s . These a r e a l s o used 
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as s a c r i f i c i a l coa t i ngs to p reven t the severe c o r r o -
s ion caused by t h e s t r a y c u r r e n t s , d i f f e r e n c e s in s t r e s s 
through s t r u c t u r e and the d i f f e r e n c e s in s o i l c o n d i t i o n s . 
( i v ) Bora te Coat ings 
Only a l i m i t e d amount of work has been c a r r i e d 
out on b o r a t e c o a t i n g s . Coatings of o r t hobo r i c ac id ' 
on h igh p u r i t y i ron were found to dec r ea se the ox ida t i on 
r a t e in oxygen between 700°C to 1100°C. When in c o n t a c t 
w i th the heated i ron s u r f a c e , t h e B„OT, powder meta l s 
and d i s s o l v e s any r e s i d u a l or reformed s c a l e . I t has 
been proposed t h a t the oxygen d i s s o l v e s in the mel t and 
i s t r a n s p o r t e d t o the m e l t / i r o n i n t e r f a c e . At t h e 
i n t e r f a c e , s o l u t i o n of i ron and oxygen ions con t inues 
u n t i l a complex i r o n - o x i d e boron-oxide complex i s p r e c i -
p i t a t e d . The complex oxide i s i r on b o r o f e r r i t e ^FeO. 
Fe20 , .B20 , . 
2o 
(v) Carbide Coatings 
26-35 These coatings are very important and are 
better than other inorganic coatings because they are 
hard and strong, durable and have better heat resistance 
and oxidation resistance. Silicon carbide, boron carbide 
and the transition metal refractory carbides have been 
used as coating materials. The carbide coatings have a 
wide range of application in nuclear reactors and other 
high temperatvire assemblies working in corrosive environ-
ments. The most convenient method*^  to deposit carbide 
is thermally decomposing the halide vapours and 
diffusing carbon simultaneously. In another method the 
oxides of metals are mixed with graphite and Al powder 
and the product is heated in a crucible containing metal 
which has to be coated. Heat resistant chromium carbide 
coating on steel is obtained by using a mixture of low 
alkali boro silicate glass and chromium carbide powder. 
The coating is done in an atmosphere of argon. The rate 
determining step in the coating is the interaction of 
boro-silicate glass with oxide films on carbide grains. 
The carbide coating showed good adhesion and protection 
against high temperature corrosion. Recently titanium 
35 
carbide coatings have been obtained. They are applied 
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to iron-base a l loys used in navy to over come 
marine corrosion. 
(vi) Boride Coatings 
Boride coatings are prepared by gas p la t ing 
e . g . , TiCl^+2BCl,+5H2 • TiB2+10HCl. The coating 
i s formed a t temperature higher than 600°C and deposi-
t ion takes place a t 780°-950°C with a coating thickness 
57 of > 3 ; j . Recently Moskowitz e t a l^ have obtained 
boride coatings by spray and fuse se l f fluxing process . 
Powdered Ni or Co-base a l loys containing chromivim were 
mixed with elemental boron sprayed on the subs t ra te 
surface and fused, se l f fluxing a l loy powder was p r ec i -
p i t a t ed from a viscous melt of the a l loy and forms a 
hard coating of chromium boride or chromium carbide. 
( v i i ) S i l i c i d e Coatings 
These coatings , are heat r e s i s t a n t and 
pro tec t Nb, W, Ta, Mo and other ref ractory mater ials 
from high temperature oxidation. Si l icon i s deposited 
on metal surface by passing mixture of Hp and s i l i con 
hal ides over the metal surface. A s i l i c i d e coating 
has been prepared from a flame spray powder mixture. 
I t contains agglomerates of a metal s i l i c i d e mixed with 
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a coating metal powder. The metal s i l i c d e i s selected 
from the group consis t ing of d i s i l i c i d e s of Ti, Zr, Hf, 
V, Nb, Ta, Cr, Mo, W, Mn, Co, B and Mg. Metal silicides 
have a good corrosion res i s tance a t high temperature, 
and may therefore be used as p ro tec t ive coat ings . The 
oxidation behaviour of zirconium s i l i c i d e coating was 
studied in an atmosphere of oxygen or water vapour. 
The coatings were prepared by deposit ing s i l i con from 
monosilane on heated zirconium samples . The oxida-
t ion of these coatings follows the general r a t e law 
(Am)^ = Kt. The k ine t ic r e su l t s can be explained by 
the exis tance of two d i f fe ren t s i l i c i d e l aye r s . The 
experiments have shown good corrosion res i s tance of 
t h i s coating compared with tha t of pxore zirconium. 
The influence of molten-vanadium-rich deposi ts 
upon s i l i con coated Ni/20Cr a l loy has been examined a t 
900°C under oxygen using 20-80 % mixtures of V^ Oc and 
Na2S0^ as corrodant ' •". Coatings applied by Pack, 
vapour deposit ion plasma spraying and ion-pla t ing were 
a l l e f fec t ive . Ion plated coatings were found to be 
most r e l i a b l e with good adhesion, uniform composition 
and even thickness . I t was also found tha t b a r r i e r type 
layers involving both Si and Cr containing species a re 
associated with the improved behaviour. Ion p la t ing of 
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Si affords a more reliable form of coating. 
(viii) Nitride Coatings 
Only a limited amoiJnt of work has been carried 
out on the nitride coatings. They have very good adhe-
sion and high temperature corrosion resistance properties. 
NH, is used as nitriding agent. It is mixed with vapours 
of metal halide and passed over the substrate to give 
nitride coating. For e.g., titanium nitride coating 
is prepared by the reaction of TiCl- and NH, in the 
temperature range of 900°->1200°C in a nitride coated 
steel or in a quartz reaction vessel. The coating of 
BN on Cu, Ni, W and Mo metals and steels have been 
deposited by a simple method. The nitride films of 0.35 
JIM thickness were deposited by using high frequency heating 
in Np at 450°C and 0.03 torr. I.R. spectroscopy and X-ray 
diffraction techniques were used to characterize the film 
compatability temperature, which follows the order : Ni > 
Steel > Mo > Co > W. The BN coating has a better adhesion 
than SiO^ and Al^O, coatings. 
The production of thin layers of TiN on the surface 
of various engineering components by a variety of techniques 
has received considerable attention in the past few years ^^ , 
This is due to some exceptional properties of TiN such as 
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high hardness, good wear and corrosion resistance, 
chemical stability and on attractive gold like colo\:ir. 
TiN films prepared by three different techniques were 
compared. Sputter deposition and ion plating were the 
techniques used. The chemical and structural composi-
tion of the films were characterized by X-ray diffrac-
tion, electron spectroscopy and SEM. Corrosion testing 
was carried out potentiodynamically in deaerated IN HpSO, 
aqueous solution at 25°C. Test results indicate that 
dense ion-plated TiN films have a passive corrosion 
current density as much as five orders of magnitude 
less than other coatings. 
1.3 Method of Coating Technology and Their Application 
A number of processes are available for deposi-
ting protective coatings on the surface of the substrate. 
These methods range from paint, dip, electroplating, 
chemical vapour deposition to the recently developed 
physical vapour deposition methods. The methods can be 
used to produce multilayer complex coatings. 
(l) Pack Cementation 
It is widely used for depositing aluminide and 
chromised coatings. In this method, the components are 
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embedded in a r e t o r t which contains a powder pack. 
This powder pack consis ts of metal(s) required to be 
deposited (Al, Cr, Si e t c . ) , a hal ide energiser (CI, 
Br, I) and in some cases an i ne r t d i luen t . The r e t o r t 
i s heated in the temperature range of 750°-1050°C for 
more than one hour under i ne r t or reducing condi t ions . 
For example, in case of alurainising the super a l loy 
components are immersed in a mixture of f inely divided 
powders of alxjmina/aluminium/aluminium a l loy containing 
corapoundsvCf Ni, Cr, Bi, Si e tc . A small amount of 
hal ide i s then added in order to provide easy passage 
for vapour phase t ranspor t of alumini\jm from the pack 
mixture to the surface of the subs t ra te to be protected. 
The most important s tep i s the formation of aluminium 
monohalide gas which i s t ransported to the Ni or Co-
base super a l loy component. This leaves a deposit ion 
of aluminium on the metal surface. At high temperature 
alumini\jm reacts with subs t ra te to form nickel or 
cobal t aluminide. Deposition of coating depends on 
the time of exposure temperature range and consi tu t ion 
56 of the pack. Picholr has shown tha t the morphology and 
composition of aluminide coatings and the corrosion 
behaviour depends on the condition whether nickel or 
cobal t diffuse outwards to react with aluminium or 
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vice versa. The protection afforded by these coatings 
is based on their ability to form and replenish protec-
tive scales of alumina. 
(2) Gas Phase-Chemical Vapour Deposition 
This method (CVD) is a slight modification of pack 
cementation. In this method the coating metal is vapori-
zed by heating electrically and the vapour is deposited 
on the parts to be coated. Both metals and semi conductors 
can be deposited by CVD. CVD is devided into four groups : 
1. Thermal deposition e.g. Al-tri isobutyl to 
produce Al. The costing of Ru, Pd, Pt, Au, 
Bi, Sb and Zr can also be thermally deposited. 
2. Reduction of a halide by Hp results in deposi-
tions of Os, Rh, W, V and Nb. 
3. Reaction of a halide to give a refractory 
compotmd of a metal like carbide nitride or 
oxide of titanium. 
4. Disproportionation reactions. For example, 
AlCl gives Al and AlCl^ ,. In CVD bonding between 
the coating materials and substrate takes 
place by interdiffusion process. CVD can form 
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wear resistant layers and high temperature 
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coatings'^  . 
(3) Electroplating Plus Pack Cementation 
TEW are accredited with the first development 
of a Pt modified aluminide coating designated LDCp. 
The method involves the electrodeposition of a thin 
layer (upto 10 pm) of Pt.followed by a pack aluminising 
treatment during which the Al and Pt interdiffuse with 
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each other and with the substrate alloy . 
(^ ) Slurry Coatings 
In this method the coating powder mixture is 
sprayed on the component surface at low temperature and 
then the component is heated to higher temperature to 
obtain the desired coating by interdiffusion. In some 
cases halide carriers are employed in the heating chamber 
to provide vapour transport of the coating elements to 
the surface of the component. Slurry technique has 
been successfully used for the preparation of inorganic 
coatings on austenitic and mild steel. Inorganic coatings 
include phosphate, borate silicate, chromate, oxide, 
carbide etc. The inorganic coating materials were mixed 
with citric acid, TiOp, MnOp, boric acid etc. to promote 
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surface adhesion. The slurries were prepared by 
mixing the materials with water, alkali or acid solu-
tion. Precious metal aluminide coatings and silicon 
modified slurry coatings for super alloys have been 
developed recently . 
(5) Fused Sa l t E lec t ro lys is 
This is a high temperature process in whcih Al 
is deposited from a molten salt bath to a nickel 
55 base alloy cathode and then diffuses inward to form 
a nickel aluminide coating. This is a very expensive 
method so it is not so widely used, 
(6) Elec trophores is 
This is a coating process in which finely divided 
particles of coating materials are suspended in a liquid 
dielectric medium and migrate under the influence of an 
electrostatic field and deposit on an electrode. The 
migration occurs because the particles are positively 
and negatively charged depending on the composition of 
the system. There are many advantages of this method. 
(-in 
It is applicable for a variety of materials (both 
metallic and ceramic). It has a very high rate of 
deposition and a good control of thickness. The major 
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disadvantage i s tha t some coatings are eas i ly damaged 
on handling so a separate heat treatment i s required 
for s in te r ing and dens i f ica t ion . 
(7) Electron Beam Evaporation 
Metallic coatings are deposited on the subs t ra te 
by thermal evaporation of a metal source followed by 
condensation of the vapour on to the component. Beat 
or filamentory sources and electron beam evaporation 
are the basic methods used for evaporation. 
(8) Ion Implanting Process 
Ion p la t ing or ion vapour deposi t ion has become 
a widely accepted process for the appl ica t ion of dense, 
uniform and very adherant aluminixm coatings for corrosion 
pro tec t ion . This process has replaced cadmium e l e c t r o -
p la t ing . This i s because cadmium has.-many drawbacks. 
The mater ial tha t has replaced cadmium i s alxaminium. Al 
coatings provide good corrosion protec t ion for high 
s t rength s t e e l s a t high temperatures without causing 
embrittlement, there i s a considerable reduction in the 
evaporation loss r a t e under hard vaccum(space) condit ions. 
Environmental corrosion t e s t s of Al coated s t e e l fas tners 
i n s t a l l ed on a C-130 a i r c ra f t have been reported to show 
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b e t t e r performance ~ . The ion-implanting i s a lso 
known to modify grea t ly the ra.te of gas-metal r eac t ions . 
These react ions were performeci in oxidizing condi t ions . 
The scale thickness was found to be more than tha t of 
i n i t i a l l y implanted l aye r s . Iron and titanium were 
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used as t e s t mater ia ls . The metals oxidized by 
outward cat ion diffusion fac^ a complete blocking of 
the oxidation of metals and the implanted species i s 
more eas i ly oxidized than the host metal. But, in case 
of Ti, no blocking effect was observed during oxidation 
and i t was concluded tha t ion inplanta t ion i s not a 
su i t ab le technique for protec t ing Ti agains t long term 
oxidation a t temperatures above lOQ^C* 
In the simple sput ter ing process , i ne r t ions 
(usual ly argon), form a plasma (glow) discharge in a 
low pressure chamber, are accelerated under a high 
voltage to a surface of t a rge t (cathode) made up of the 
a l loy to be coated. Where the binding energy i s lowest, 
mementum interchange in the svjrface atomic layers of the 
t a rge t causes sput ter ing of atoms. Some of these atoms 
may be ionized and are deposited on the subs t ra te to be 
coated. Recently Benett e t al ' - ' -" '^ used ion-implantation 
technique in studying the high temperature oxidation 
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s tud ies . They produced ion implanted coating of Y, Ce, 
Si , Al, Li , Ti and Cs on Ti, Zr, Cr, Fe, Ni and Cu 
metals and t h e i r a l l oys . The oxidation s tudies ind ica te 
benef ic ia l effects of Ce, Y and Si ion implanted coatings 
on Fe-Cr a l loy in the temperature range 700°-1000°C for 
the period varying from 780 to 5000 h. The scales formed 
on the ion-implanted metals are p ro tec t ive in nature 
whereas the scales formed on the uncoated metals are 
porous in nature though the coated and uncoated a l loys 
exhibited s imi lar oxidation behaviour. 
(9) Flame Spray Process 
In t h i s process , the metal wire or powder is 
fed through a melting flame so the metal in f inely 
divided l iqu id p a r t i c l e s i s blown on to the surface 
74 and protected. Union carbide has developed a new 
u » flame spr§iying process known as Detonation Gun which 
i s an improved form of the o r ig ina l flame spray process. 
Detonation gun resembles a large ca l i b r e machine g\m. 
Measured quant i t ies of oxygen acetylene and p a r t i c l e s 
of coating mater ial a re detonated in the f i r ing chamber* 
This c rea tes a hot high speed gas steam which heats the 
p a r t i c l e s to a p l a s t i c s t a t e and acce le ra tes them a t a 
supersonic ve loc i ty from the gun b a r r e l . The near molten 
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particles impinge on the surface of the work piece and 
produce a tenacious mechanical bond. The temperature 
above 3200°C is reached inside the gun but the work piece 
temperature remains comparatively low to minimize distor-
tion and retain the metallurgical properties of., the base 
material. This process is not used for depositing oxida-
tion and corrosion resistant coatings to turbine rotor 
blades because the coatings formed do not provide good 
thickness, porosity and adhesion. 
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1.4 WORK PRESENTED IN THE THESIS 
The work p re sen ted in t h i s d i s s e r t a t i o n dea l s wi th 
the s t u d i e s c a r r i e d out on the high tempera ture behaviour 
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i i . P r o p e r t i e s of t he c o a t i n g s . 
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i v . P r e p a r a t i o n and a p p l i c a t i o n of R a r e - e a r t h oxide 
con t a in ing Nicke l -a lumin ide coa t ing on mild s t e e l . 
V. K ine t i c behaviour of R a r e - e a r t h oxide con ta in ing 
Nicke l -a lumin ide c o a t i n g s . 
a. Meta l lographic s t u d i e s ( o p t i c a l and scanning) 
b . Discuss ion 
c . Conclusion 
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C H A F T E R - I I 
2.1 Introduction 
Nickel aluminide or Ni-Al type p ro tec t ive 
coatings are of r e l a t i v e l y recent or igin and are a c t i -
vely invest igated during the l a s t 15 years . These 
coatings extensively been used in aeronaut ical industry 
where components made up of nickel-base super al loys 
are protected against oxidizing and corrosive environ-
75-77 ments . The oxidation behaviour of coated component 
seems to be s trongly dependent on the aluminizing 
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technique . There are various techniques for obtain-
ing Ni-Al type aluminide pro tec t ive coatings on Ni-
base super a l loys destined for ce r t a in high temperature 
appl icat ion in a i r c r a f t gas tu rb ines . Pre fe ren t ia l 
diffusion of Ni or Al occurs in the d i f fe ren t layers 
which are formed during the heat cycles in the basis of a l l 
the techniques. 
Unlike aluminide and chromoaluminide coatings which 
7R—Rn 
have been used in steels , the nickel aluminide coatings 
are yet to be introduced for industrial applications invol-
ving high temperature corrosive environments. 
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2.2 Experimental 
(1) Alloy used 
Mild s t e e l was chosen as a subs t ra te al loy for 
coating purpose. Commercially acquired mild s t e e l 
contain about 0,15 % C. Metal s t r i p s of s ize 18 x 9 x 1 mm 
was cut from the mild s t e e l sheet . The s t r i p s were 
abraded with 180 and 600 grade SiC papers, respect ive ly , 
using a motor driven disc pol i sher . The abraded s t r i p s 
were then washed with d i s t i l l e d water and alcohol . 
(2) Chemical used 
NiO, Al^O,, Al powder NiCl^ and NH^Cl were a l l 
reagent grade BDH products. Rare ear th oxides were 
spectroscopical ly pure chemicals (John Matthey products) . 
(3) Preparation of coatinp; 
Coating powders prepared by mixing of NiO and 
AlpO, in molar r a t i o of 1:1 and other powder was prepared 
with NiCl, NiO, AI2O, and Al powder in the r a t i o of 
0.5 : 2.5 : 1.5 :0.5 (by weight) . The nickel aluminide 
coating i s prepared by pack cementation process. The 
powder were applied on the mild s t e e l s t r i p s in a s i l i c a 
boat and heated in a muffle furnace a t 800°C for 1/2 an 
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hour in the presence of N^Cg) and f ina l ly cooled in 
the furnace. A thin dark coating was formed on the 
mild s t e e l s t r i p s which had an' excel lent adhesion. 
Rare ear th oxide-containing nickel aluminide 
coatings were prepared by using varying amount of r a re 
ear th oxides : NiClp : NiO : Al^O, : Al : REpO, as 
0.5 : 2.5 : 1.5 :0.5 : 0 .1 RE^O, i s varied between 1 to 
A-,7 by weight percent . The ra re ear th oxide used in 
Ni-Al- coating were Sm^O,, Gd^O^, La^^^' ^2^5' ^p^^' 
Pr20, , ErpO^, Tm^O ,^ '^2°3 ^^^ ^Op^^* '^^^ method of 
appl ica t ion and heat treatment were s imi la r to those 
used for nickel aluminide coating. 
(4) Oxidation k ine t i cs 
The oxidation runs were car r ied out on a laboratory 
fabricated he l i ca l thermal balance using a nichrorae wound 
furnace in constant stream of a i r . The time for the 
oxidation run was 24 hours. 
(5) Metallographic s tudies 
The metallographic s tudies were car r ied out 
using a Lietz Metallux-2 photometallurgical microscope. 
The specimens were mounted on paper moulds using Ara ld i te 
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as a cold setting compound. The movmted specimens 
were hand abraded on 180, 380 and 600 SiC papers. 
Diamond pastes of AO p, 8 p and 6 p. were applied sequen-
tially for polishing using refined mobile oil as a 
lapping liquid. 
(6) Scanning Electron Microscopic Studies (SEM) 
SEM studies was carried out using a JEOL 
scanning electron microscope model (courtsey : NBRI 
Lucknow), Polished specimens were coated with colloidal 
gold emulsion and their structures were examined through 
the microscope. The microstructtires of the specimens 
were photographed at various magnifications. 
2.3 Results 
2.3.a Oxidation Kinetics 
Figures 2.1 to 2.13 show weight gain vs time plots 
for the oxidation of nickel aluminide coatings on mild 
steel in presence of varying concentration of different 
rare earth oxides at 750°, 800° and 850°C in air. The 
weight gain vs time plots are parabolic as indicated by 
the linear nature of weight gain vs time plots, Fig. 2.14 
to 2.25. Table 1 to 3 list the values of parabolic rate 
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constant, Kp for the oxidation of Nickel aluminide 
coatings on mild steel in presence of different coatings 
and rare earth oxides at 750°, 800° and 850°C. At 
750°C and 800°C, the coated alloys containing 2 wt. % 
REpO:, generally show slightly higher oxidation rates 
than the uncoated alloy. However at 850°C, with the 
exception of NdpO;, and HOpO^, all the rare earth oxides 
containing coated alloy have slightly lower oxidation 
rates with higher concentration of REpO^ , (*— 4.7 wt. %) 
the oxidation rates are usually lowered down. Fig. 2.51 
shows plots of parabolic rate constant, Kp vs ionic 
radii of RE^ "^  at 700°, 850° and 800°C. A regular trend 
is not observed however, at 750° and 800°C the first 
few members show on increase in oxidation rates with 
increasing ionic radii about after Ho there is a 
decrease in oxidation rates although the rates by and 
large are similar. Fig. 2.26 to 2*30 show Arrhenius 
plot for the oxidation of coated alloys in presence of 
rare earths. In majority of the cases the lav; is 
followed. The values of activation energies for the 
oxidation of nickel aluminide coating in presence of 
different rare earth oxides are given in tables 4 to 5. 
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2.3.b Metallographic Studies 
Fig. 1 shows an opt ica l photomicrograph of the 
surface s t ruc tu re of nickel aluminide coating on mild 
s t e e l . Presence of two phases NiAlp (dark) and Al^O, 
( l i g h t ) in a grey matrix of iron oxide i s indicated. 
Fig. I I shows a scanning electron micrograph of a cross 
sect ion of the same coat ing, the dark c i r c u l a r grains 
of NiAlp are encompassed by l i g h t AlpO^. These grains 
are dispersed in a i ron - r i ch matrix. 
Fig. I l l shows a photomicrograph of a cross 
sect ion of nickel aluminide coating on mild s t ee l 
oxidized a t 750°C in a i r . Multilayered scales are 
formed which seem to be reasonably adhered to the a l loy 
subs t r a t e . The inner scales contain Al^ O ,^ and the outer 
scales containing with inclusions of FepO,. The dif fu-
sion of Al in the a l loy matrix i s indicated by the 
presence of in t e rna l AlpO, globid.es. At 800°C, the 
a t tack i s r e l a t i v e l y severe due to oxidation and the 
oxide sca le are separated from the matrix, the innermost 
layers of scales contain AlpO:, followed by oxide layers 
of FepO,/Fe,0- containing NiO inclusions (Fig. IVa and 
IVb). The a t tack i s most severe a t 850°C and the 
presence of nickel aluminide coating on mild s t e e l does 
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not have benef ic ia l a t t ack . The inner scales which are 
r e l a t i v e l y adherent contain AlpO, followed by much 
th icker scales of iron oxides containing NiO (Fig. V). 
Fig. VI and VII show op t i ca l micrographs of 
surface of Ni-Al coatings containing 1 and 2 by wt. % 
of Sm^O;,, respect ive ly . There are three d i s t i n c t phases 
NiAl2 (dark) , Al 0 , ( l i g h t ) and Sm^O, ( s t e e l grey) . Al^O^ 
i s invar iably consis t with NiAl^O:, where SmpO^ forms a 
d i s t i n c t l y separate phase. Scanning electron micrograph 
Fig. VIII of the cross sect ion of Ni-Al coating shows 
coarse grains of NiAlp (dark grey) along with fine grains 
o f SfflpO,. 
Fig. IX shows a cross sect ion of Ni-Al coating on 
mild s t e e l containing 2 by wt. % of Sm_0^ and oxidized 
a t 750°C. The scales are quite adherent, the inner Al-O, 
l i g h t grey scales are i n t a c t and linked with the outer 
FepO, (white) by pegs provided by Sm^O^ and NiO. Fig. X 
shows a cross sect ion of oxidized Ni-Al coating on mild 
s t e e l a t 800°C. The inner Al^O, dark grey scales a re 
linked with outer thick scales of FeO by pegs and ridges 
provided by REpO-,. The scales are compact though but 
cleavaged or disrupted due to decarburizat ion during 
oxidation. Fig. XI and XII show cross sect ion of n ickel 
41 
alxominide coatings on mild s t e e l containing 2 and 4.7 
by wt. \ of SnipO,, respect ively and oxidized a t 
850°C in a i r . The inner scales in 2 by wt. % RE20^ 
containing a l loy are present in the form of s t r a t i f i e d 
layers of AlpO, and are separated from the middle scales 
containing FeO admixed with Sm^O,, the outermost scales 
contain Fe^O^ incorporated with NiO, In 4.7 wt. \ REpO, 
containing a l loy the Al^O^ scales are more adherent, 
the FeO are incorporated with REpO, and the outermost 
scales .contain Fe^O, admixed with NiO. Both the a l loys 
oxidize a t a r e l a t i v e l y fas t r a t e , the presence of 
higher concentration of RE^O^ in the other a l loy though 
has reduced decarburizat ion quite appreciably. Fig.XIII 
shows a surface photomicrograph of a nickel aluminide 
coating containing 4,7 wt. % of YpO, 5-phase a re d i s t i n c t , 
NiAlp (dark grey) , AlpO, (white) and YpO, ( l i g h t grey) , 
the d i s t r i b u t i o n seems to be f a i r l y homogeneoias. Fig. 
XIV shows a scanning electron micrograph of a cross 
sect ion of 1 wt. X of YpO, containing nickel aluminide 
coat ings . A 3-phase s t ruc tu re i s shown in which dark 
NiAlp are surrounded by AlpO^,, the l a t t e r i s a lso 
incorporated with YpO,. 
Fig. XV.a shows a scanning electron micrograph 
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of nickel aluminide coating containing 1 wt. % of 
Y^ O-t and oxidized a t 750°C. The scales are adherent 
but cleavage are firmed due to decarburizat ion. Fig. 
XV.b shows scanning electron micrograph of a cross 
sect ion of 1 wt. % of Y^O, containing nickel aluminide 
coating on mild s t e e l oxidized a t 800°C. The scales 
are quite compact and adherent a cleavage a t a l loy / 
sca le in ter face i s due to decarburizat ion although 
th i s cleavage is f i l l e d by Al-O^/REpO, a t some p laces , 
the outer scales containing FeO admixed with NiO are 
quite thick and uniform. Fig. XVI and XVII show d e t a i l s 
of scales and matrix, Fig. XVIII.a shows another scanning 
electron micrograph of nickel aluminide coating conta in-
ing 2 wt. X of Y2O, oxidized a t 800°C. Fig. XVIII.b 
shows a micrograph of 4.7 wt. % of Y2O, containing nickel 
aluminide coating on mild s t e e l oxidized a t 850°C, the 
a l loy oxidizes a t a r e l a t i v e l y fas t r a t e . The porous 
scales are separated from the matrix due to decarburi-
zat ion. The inner scale present in the form of a band 
layer contain FeO.NiO. Fig. XVIII shows the surface 
s t ruc tu re of 1 wt. /^  of La2^5 containing nickel aluminide 
coating on mild s t e e l , the 5-phase s t ruc tu re is consisted 
dark coloured NiAl^, l i g h t coloured Alp^x ^'^^ l i g h t grey 
coloured LapO:z. A nearly homogeneous s t ruc tu re i s formed 
^3 
during coating of mild s t e e l . Fig. XIX shows a cross 
section of 1 wt. % La^^? containing nickel aluminide 
coating lump type grains containing NiAl (dark) and 
REpO, ( l i g h t grey) are formed along with pa r t i c l e s of 
AlpO;, sca t te red i r r egu l a r ly in the s t ructure* 
Fig. XX shows a photomicrograph of a cross 
section of LapO,-containing nickel aluminide coating 
oxidized a t 750^C. The iron oxide scales are nonporous 
uniform and compact but are perhaps separated from the 
a l loy subs t ra te due to polishing a r t i f e c t s . La^O;, i s 
present a t a l l oy / s ca l e in ter face and some Al^O, i s 
present a t the innermost sca les . A s imi lar s t ruc tu re 
has been shown in some a l loy oxidized a t 800°C (Fig. 
XXI). Figs. XXII.a and b show scanning electron micro-
graph of 2 and 4,7 wt. % of LapO, containing coating 
respect ively oxidized a t 800®C, The scales fomned are 
uniform and adherent. The inner th in scales contain 
AlpO, followed by thick iron oxide s ca l e s . At the a l loy 
in te r face , REpO, i s present and seems to play an important 
ro le in adherence of the sca les . At 850* ,^ the coated 
s t e e l s containing La^^^ shows severe oxidation, massive 
scales are formed Fig. XXIII, the inner scales contain 
Al^O, and FeO containing RE-O^, followed by th icker scales 
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of iron oxides. Presence of a rare ear th oxide does 
not seem to have any effect on the performance of the 
s t e e l . The photomicrograph of the cross sect ion of 
1 wt. "/^ of Gd_0, containing nickel aliaminide coating 
on mild s t e e l shows the presence of A-lpO, ( l i gh t ) poly-
gonal grains along with dark grey NiAl^ globules (Fig. 
XXIV). Fig. XXV and Fig. XXVI show scanning electron 
micrograph of 2 wt. % of GdpO, containing coating 
oxidized a t 800°C. Due to the presence of REpO^ , (dark 
grey) a t the a l l oy / s ca l e in ter face (Fig. XXV), the adhe-
rent sca le seemed to form but are separated from the 
matrix due to decarburizat ion. The inner thin scales 
are r i che r in AlpO r^ and NiO i s incorporated in the 
outer oxide sca les . Fig. XXVII to Fig. XXIX show 
surface photomicrograph of nickel alurainide coating 
2 wt. X of Pr20,, 2 wt. % of ^r^O^ and 2 wt. % of Tb^O^, 
respect ively the micrographs show the presence of 5-
phase namely NiAl (da rk) , Al-O, ( l i g h t ) and REpO, 
(dark grey) . The NiAlp grains are polygonal in which 
fine grains of RE^O, and Al 0 , are incorporated. 
2.4 Discussion 
The oxidation of nickel aluminide coatings on 
mild s t e e l proceeds by a diffusion control led mechanism 
5^ 
as indicated by the parabolic nature of the weight 
gain versus time plots. The addition of rare earth 
oxides in small amounts upto 2 by wt, ^  and at rela-
tively low temperatures e.g., 750° and 800°C increases 
the oxidation rate slightly but at higher temperatures 
about 800°C irrespective of the concentration of rare 
earth oxides the oxidation rates of the nickel alximinide 
coating lower down markedly. It is difficult to 
correlate the dependency of rare earth ionic radius on 
the oxidation rate of the nickel aluminide coating on 
mild steel although in case of simple aluminide coatings 
on mild steel, the oxidation rate of the alloy decreases 
with increasing ionic radius, a similar behaviour is 
observed in case of nickel aluminide coating provided 
the behaviour of the first few members is not considered. 
In aluminide coating the effect of rare earth addition 
on the oxidation rates of the steel is more prominent 
when it shows invariably the lowering in oxidation rates 
and is attributed to vacancy sinks provided by rare earth 
oxide particles thus preventing void formation at the 
81 
alloy/scale interface . 
The structure of nickel aluminide coating 
comprises of NiAl^ (dark), Al 0, (light) and RE^O, 
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(grey). During oxidation, NiAlg provides ^'^•^^^ forming 
inner scales, RE^O, is largely concentrated at the 
alloy/scale interface found though in the medium and 
outer scales also. The oxidation is largely proceedly 
Fe ion diffusion resulting in the formation of 
copious scales depending upon the temperature. The 
scales are usually compact and adherent with low poro-
sity and the adherence seems to he improved by the 
presence of rare earth oxides. Presence of small pegs 
or ridges of rare earth oxides at the alloy/scale 
interface are found in some cases these act as fastners 
between AlpO:, and alloy substrate ~ . In low carbon 
plain or low steels such a situation would have warranted 
low oxidation rates for the alloy but mild steels 
( — 0.3 '/' C), the decarburization during oxidation 
results in the evaluation of CO/COp which disrupt the 
apt 
protective scales . In cases where the morphology of 
oxide scales is not seriously hampered, the effect of 
rare earth oxide addition is more clearly visible and 
the oxidation rates are significantly lowered down. 
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C H A P T E R - I I I 
C O N C L U S I O N S 
i ) The oxidation ra tes of mild s t e e l are markedly-
lowered in presence of a n ickel aluminide coat ing. 
i i ) The presence of rare ear th provides grain refined 
of the s t ruc tu re . 
i i i ) - At r e l a t i v e l y low temperatures (upto 800°C) and 
low concentration of RE^O ,^ the presence of RE^O, 
general ly r e su l t s in s l i g h t increase in the 
oxidation. 
iv) At high temperatures (above 800°C), the addi t ion 
of REpO^ considerably lowers the oxidation ra tes 
of nickel aluminide coated s t e e l s . 
v) In considerable number of cases , there i s evidence 
of the presence of small pegs or ridges a t alumina 
sca le / a l loy in te r face which ac t as fas tners 
between a l loy and the sca l e s . 
vi ) Decarburization during oxidation seems to upset 
the benef ic ia l effects of ra re ear th oxide addi t ions, 
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Table 1 
Pa rabo l i c r a t e c o n s t a n t Kp (g cm" s~ ) of pure 
n i c k e l a luminide coa t ing and Ni-Al coa t ing con ta in ing 
2 wt. 'I of REpO, on mild s t e e l ox id ized in the tempe-
r a t u r e range 750° , 800° and 850°C. (xlO"®g^cm~^s"-^) 
Coat ings 
Uncoated 
Ni-Al Pure 
Ni-Al+La20, 
Ni-Al+Sm20^ 
Ni-Al+Y205 
Ni-Al+Gd20^ 
Ni-Al+Yb^O, 2 p 
Ni-Al+Nd„0, 2 :? 
Ni-Al+Pr20, 
Ni-Al+Tb20^ 
Ni-Al+Er20, 
Ni-Al+HO0O, 2 :> 
750°C 
— 
1.9A 
2.19 
2.22 
1;59 
1.94 
2.63 
2.50 
3.00 
3.19 
3.50 
4.07 
Temperature Range 
800°C 
2 . 9 
2.89 
2.93 
3.39 
5.09 
3 .34 
3.41 
5.27 
4.62 
4.77 
6.07 
5.50 
850 °C 
— 
9.72 
7.37 
6.15 
9 .64 
9 .02 
6 .51 
11 .38 
8.16 
4.82 
6 .31 
11 .28 
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Table 4 
A c t i v a t i o n ene rg ies fo r the ox ida t ion of n i c k e l 
a luminide coa t ing and Ni-Al coa t ing con ta in ing 
2 wt. % of REpO, on mild s t e e l . 
Coat ings A c t i v a t i o n energ ies AQKCal/ 
mole 
Pure Ni-Al 0 . 8 8 x 10^ 
Ni-Al + Yb20^ 0.45 x 10^ 
Ni-Al + Tb20, 0.35 x 10^ 
Ni-Al + Sra^O:, 0.50 x 10^ 
Ni-Al + Y„0, 0 . 8 8 X 10^ 
Ni-Al + Ho^O, 0.77 X 10^ 2 3 
Ni-Al + Gd205 0.77 x 10^ 
Ni-Al + La2°3 9263.15 
Ni-Al + Pr^O^ 4842.10 
Ni-Al + Nd^O, 8000.00 
Ni-Al + ErpO, 0.50 
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Table 5 
Activation energies for the oxidation of nickel 
aluminide coating containing 4.7 wt. % of REpO^ ^ on 
mild steel 
Coatings A c t i v a t i o n ene rg ies AQKCal/ 
mole 
Ni-Al + La^O, 4. 8 x 10^ 
^2-3 
"2O3 
•2O3 
Ni-Al + Sm^O, 0 .5 X 10^ 
Ni-Al + Y^O, 1.7 X 10^ 
Table 6 
A c t i v a t i o n energ ies fo r t h e ox ida t i on of n i c k e l 
a luminide coa t ing c o n t a i n i n g 1 wt. % of REpO, on 
mild s t e e l 
Coat ings A c t i v a t i o n ene rg i e s AQKcal/ 
mole 
Ni-Al + La^O, 1.22 x 10'^ 
^2-3 
I2O3 
.2O3 
Ni-Al + Sm^O j^ 0.69 X 10^ 
Ni-Al + Y^O, 0 . 4 8 X 10^ 
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FIG.2-^ Nickel Aluminide coating containing 2wt .V« 
RE,0, at 800*C 
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FIG.2.5 Nickel Aluminide coating containinq 2 w t . * / . 
RE2O3 at 850°C. ^ 
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FIG.2.6 Nickel Aluminide coating containing 2 w t . V . 
RE2O3 at 850 C. 
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FIG.2.7 Nickel Aluminide coating containing 1wt.7. 
RE2O3 at 750°C. 
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FI6.2.9 Nickel Aluminide coating containing 1wt.'/« 
RE2O3 at 85(fC. 
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FIG.2-11 Nickel Atumlnlde coating containing 4 7 w t . * / , 
RE2O3 at eoo'c. 
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FIG.2-12 Nickel Aluminide coating containing A.7wt-*/. 
RE2O3 at SSCC 
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FIG-2.13 Nickel AluminiUe coating containing 2 wt.V» 
RE2O3 at yso'c. 
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R6.2-K Nickel Alumlnide coating containing 2 w t . V. 
RE2O3 at 750°C. 
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FIG.2.15 Nickel Aluminide coating containing 2 w t . 7 . 
RE2O3 at 800°C. 
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FIG.2-16 Nickel Aluminide coating contaming 2 w t . V» 
RE2O3 at 800°C. 
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FIG.2.17 Nickel Aluminide coating containing 2 w t . V . 
RE2O3 at BSO'C. 
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FI6.2.18 Nickel Aluminide coating containing 2 wt.*/ . 
RE2O3 at 850°C 
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FIG.2.19 Nickel Aluminide coating containing 1 wt.V* 
RE2C^ at 750''C. 
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FIG.2.20 Nickel Aluminide coating containing Iwt . 'A 
RE2C^ at 800'C. 
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FI6.2-21 Nickel Alumini'de coating containing I w t . V t 
RE2O3 at SSOX 
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FIG.2-22 Nickel Aluminide coating containing i l - 7 w t . V . 
RE2O3 at 850°C 
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FIG 2.24 Nickel Aluminide coating containing 4-7wt.V. 
RE2O3 at 750°C 
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FIG.2.23 Nickel Aluminide coating containing ^ • 7 w t . V. 
RE2O3 at 800°C. 
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^ 
Fig. X'/IIT Opt ica l photomicrograph of r?i>»Aluniinids 
Surface coa t ing c o n t a i 
on mild s t e e l (150 X). 
^ r f a c e c a t i  c t a i n i n g 1 V7t% of La^O-
I^2°3 f l i g h t gray) 
-AI2O3 ( l i g h t ) 
NiAl^ (dark) 
P ig , XVTII (a) SSr: Cross s e c t i o n a l vi«w 
of Ni-Aluminide coa t ing 
con ta in ing 2 v!t% of Y^ O on 
mild s t e e l ox id ized a t BOO C 
(150 : : ) . 
sw--* mm' parous i ron sca le 
•E^O X Y 0 ^ 
Scale 
J ^ 4"^  
^^M A L ^ " ^ ' % M ^ 
Fig, XVIII (b) Cross sec t iona l viev; of :;i-Alurninido 
coa t ing oor/ taining 4,7 v:t/o of ^J^s 
on mild s t e e l o x i d i s e d a t 350 C, 
(125 X). 
La 0 ( l i g h t gray) 
Lump g r a i n s 
Al^O^ ( l i g h t ) 
F ig , :n.:-: SSM p i c t u r e of Ni-Aluminide surface 
c o a t i n g on m i l d s t e e l c o n t a i n i n g 1 wt% 
of La^Oj (1000 X), 
'< P e r r i t i c s t r u c t u r e 
Pig, XX Cross s e c t i o n a l viev; of •Mi-Alurninide 
c o a t i n g on m i l d s t e e l con t a in ing 1 wt% 
of ^^2*^3 ^^i'^i^®'^ a t 7 50°G (125 X). 
I ron o x i d e s 
Pig, XXI Gross s e c t i o n a l v±ew of i-i-Alurainide 
coa t ing on m i l d s t e e l c o n t a i n i n g 1 wt% 
of ^320^ ox id ized a t 800^C (125 X), 
I ron Oxide 
P e a r l i t e 
I ron ox ide s 
Fig , XXII (a) S^ M Cross s e c t i o n a l view of 
Mi-Aluminide Coat ing on mild 
s t e e l c o n t a i n i n g 2 wt% of 
I^2°3 ox id i zed a t 800°G (200 X). 
^2°3-*-^i2°3 
^l2°3-*-^2°3 
Fig. XXII (b) 3H:M Cross s e c t i o n a l view 
of Ni-Aluminide coa t ing on 
m i l d s t e e l c o n t a i n i n g 2 v;t% 
of La203 
(200 X). 
o x i d i z e d a t 800 C 
Fig, XXIII Cross s e c t i o n a l view ox Mi-Aluminide 
coa t ing on m i l d s t e e l c o n t a i n i n g 2 wt% 
of la^O^ ox id ized a t 850 C (125 X). 
FeO+lB^O^ 
^2^3 
NiAl^ (g lobu les ) 
( l i q h t ) 
Fig, ; c a v SBM p i c t u r e of Ni_Aluminic3e surface coa t -
i n i n g on m i l d s t e e l 
Gd^O^ (1000 X). con ta in ing 2 wt% o; 
^l2°3-^'^^2°3 
Oxides of I ron 
Fig , XXV 3SM Cross s e c t i o n a l view of 
ni-Aluminide c o a t i n g on mi ld-
s t e e l c o n t a i n i n g 2 wt% of 
Gd 0 Oxidized a t 300^C (176 x ) . 
Fig . :CiVI 3Ei: Cross senticne.1 viev; 
of Ni-Aluminide coa t ing on 
m i l d s t e e l con t a in ing 2 wt% 
of Gd O ox id ized a t 800^ 
^^2°3-^^^2°3 
FeO + NiO 
(160 X). 
"NiAl^ (dark) 
Pr203 ( l i g h t gray) 
Fig , :<XVII Op t i ca l photomicrograph of Ni-Aluminide 
sur face coa t ing on m i l d s t e e l c o n t a i n i n g 
2 wt% of Pr203 (125 X). 
NiAl (dark gray) 
(light gray) 
Fig , XXVIII Op t i ca l photomicrograph of Ni-Aluminide 
furface coa t ing on m i l d s t e e l c o n t a i n i n g 
2 wt% of Er203 (250X). 
TD<D^+A1^0^ ( l i g h t ) 
NiAl2 (dark) 
Fig , /QCEJf O p t i c a l photomicrograph of Ni-Aluminide 
ST-irface c o a t i n g on m i l d s t e e l c o n t a i n i n g 
2 \-}t% o f 
^ 2 ° 3 (250 • ; ) . 
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